Carbon doped InAlAs/InGaAs/InAs heterostructures: Tuning from n-to p-doping
We fabricated carbon doped InAs/ In x Ga 1−x As/ In x Al 1−x As heterostructures, which show p-type and n-type conductivity for different In contents. Two-dimensional hole gas in a structure with x = 0.75 has been prepared in the ternary compound, despite the fact that carbon as an n-type dopant in InAs exhibits electron conductivity in In x Ga 1−x As and In x Al 1−x As compounds with high indium content. A special doping design has been employed to obtain hole conductivity. As a result, the conductivity can be tuned from n-type to p-type with the In content and with different doping profiles in these structures. © 2011 American Institute of Physics. ͓doi:10.1063/1.3557026͔
Currently, a lot of attention is directed to In x Ga 1−x As/ In x Al 1−x As heterostructures due to their interesting properties, such as low electron effective mass, high electron mobility, high g-factor, narrow gap, pronounced Rashba effect due to high spin-orbit coupling. [1] [2] [3] They are used for the design of hybrid metal-semiconductor structures with highly transmissive interfaces, 4, 5 tunable spin filters, 6 or spin transistors. 7 Also the strain due to the lattice mismatch in In-containing GaAs/AlGaAs structures can be employed as additional degree of freedom in bandgap engineering. 8 The concept of a step-graded metamorphic buffer layer with gradually increasing indium content, see, e.g., Heyn et al., 9 made it possible to grow almost unstrained In x Ga 1−x As/ In x Al 1−x As heterostructures with high indium content on GaAs substrates. Two-dimensional electron gases in In 0.75 Ga 0.25 As/ In 0.75 Al 0.25 As heterostructures with embedded InAs channel can be achieved in undoped 10, 11 and silicon doped structures. 12 They show high electron mobilities 13 of up to = 545 000 cm 2 / V s. Apart from Mn-modulation doping, which leads to interesting magnetic effects, 14 there have been no reports on hole conductivity in modulation-doped structures. Carbon as a doping material regularly used in GaAs-based heterostructures is a very promising candidate. Since, it exhibits very low diffusion and segregation, 15 it is possible to achieve very high hole mobilities of up to 1.2 ϫ 10 6 cm 2 / V s at low temperatures in carbon p-type doped GaAs/AlGaAs heterostructures. 16 Here, we present our results on In x Ga 1−x As/ In x Al 1−x As heterostructures prepared in a modified Veeco GEN II solid source molecular beam epitaxy system, equipped with a carbon filament source. On a semi-insulating ͑100͒ GaAs substrate we have grown an In x Al 1−x As step-graded metamorphic buffer layer with stepwise ͑⌬x = 0.05͒ increasing indium content from x = 0.08 up to the final composition x = 0.40, 0.50, 0.60, or 0.75. Within each 50 nm thick In x Al 1−x As step, the lattice constant relaxes due to misfit dislocation formation. The active layer consists of an In x Al 1−x As barrier, a 20 nm In x Ga 1−x As single quantum well ͑QW͒ with embedded strained InAs channel, In x Al 1−x As spacer layer, carbon doping layer, In x Al 1−x As cap layer ͓see sample structure in perature was kept at 620°C during the growth of the Al 0.5 Ga 0.5 As/ GaAs superlattice, and lowered to 340°C for the indium containing layers. Figure 1͑b͒ shows valence band profile and square of hole wave function ͉͉ 2 , shifted to its eigenvalue, of the digitally-doped sample with x = 0.75, see also Table I , calculated with the NEXTNANO3 program package 17 using effective-mass approximation method. Despite the high hole density of p Ͼ 10 12 cm −2 , only the topmost subband in the valence band is occupied. Twodimensional hole gas ͑2DHG͒ is situated in the InAs channel.
To study the morphological properties of the surface of the grown crystals, we used an atomic force microscope ͑AFM͒. The surface of all samples exhibits a well-developed cross-hatched pattern along the two orthogonal ͗011͘ directions, as shown in Fig. 1͑c͒ . This typical property originates from misfit dislocations buried in the buffer layer. 11, 18 The root mean square roughness is 1.2 nm along the ͓011͔ direction and 2.9 nm along the ͓011͔ crystal direction, as can be seen in Fig. 1͑d͒ . No significant differences were found between samples with different indium content. The electrical characterization of the samples was performed in van der Pauw and Hall bar geometry using standard lock-in techniques at low temperatures ͑4.2 K, 1.3 K, and 280 mK͒.
The electrical properties of the modulation-doped samples are summarized in Fig. 2 and Table I. In Fig. 2͑a͒ , the carrier density is shown as a function of the indium content x in the active layer. The samples with x = 0.20 to 0.60 indium show hole conductivity. The sample with the highest indium content of x = 0.75 exhibits electron conductivity. Thus, the carrier type changes between x = 0.60 and x = 0.75 for modulation doping in In x Al 1−x As. This is in contrast to literature showing for the strained bulk In x Al 1−x As and In x Ga 1−x As, grown on ͑100͒ GaAs substrates without buffer layer, conduction type inversion from p to n at x = 0.9 for In x Al 1−x As and at x = 0.6 for In x Ga 1−x As. 19 The difference to our samples can originate from the different sample structure, containing the buffer layer which relaxes the strain in our case, and could lead to another incorporation mechanism.
In Fig. 2͑b͒ , the carrier density is plotted as a function of the carbon doping concentration in samples with x = 0.75 in the active layer. The thickness of the doping layer was kept constant at 90 nm. With increasing doping intensity, the electron density also increases. Hence, it is not possible to obtain hole conductivity by only incorporating more carbon atoms into the layer. Illumination with a red light emitting diode induces an increase in the electron density at low carbon doping concentrations and a reduction at high doping concentrations ͓Fig. 2͑b͔͒. This is a sign of self-compensation of carbon atoms at high doping densities. Carbon has been reported to be a donor in InAs ͑Refs. 19 and 20͒ and InP. 21 But, as a group IV member, carbon behaves amphoteric for III-V semiconductors and shows strong self-compensation behavior in these materials, resulting in conduction type inversion with changing composition. 19 Using a carbon digital-alloy-doping technique, we overcame this problem and obtained hole conductivity in the In 0.75 Al 0.25 As/ In 0.75 Ga 0.25 As/ InAs heterostructure. The sample has a hole density of p = 11.4ϫ 10 11 cm −2 and a hole mobility of = 6.6ϫ 10 3 cm 2 / V s at 280 mK. In Fig. 3 , magnetotransport measurements at low temperatures ͑280 mK͒ are displayed. The positive slope of the Hall curve R xy confirms the hole conductivity. The Hall resistance R xy demonstrates well-developed plateaus at even filling factors. The longitudinal resistance R xx exhibits well-pronounced Shubnikov-de Haas oscillations already at 1.3 K, which are not observable at this temperature when high mobility 2DHGs in GaAs/AlGaAs QWs are measured. 22 A possible explanation is the lower hole effective mass in InAs ͑m h ‫ء‬ = 0.39 m 0 ͒ ͑Ref. 23͒ in comparison with GaAs ͑m h ‫ء‬ = 0.51 m 0 , m 0 is the free electron mass͒. 23 The small decrease in the longitudinal resistance around B = 0 T, already observable at 4.2 K, could be classified as a weak antilocalization dip, due to strong spin-orbit coupling in InAs. 2DHGs formed by Mn-modulation doping show a similar effect. 14 In conclusion, we grew carbon doped In x Ga 1−x As/ In x Al 1−x As heterostructures, which show p-type conductivity in a large range of In content. Although carbon seems to be a donor in InAs, our concept of doping makes it possible to produce 2DHGs also in structures with high indium content ͑x = 0.75͒. The sample exhibits quantized Hall plateaus, well-pronounced Shubnikov-de Haas oscillations, and a weak antilocalization dip around zero magnetic field.
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